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bstract
Effluents obtained from six industries were analysed for physicochemical properties. An alkaline-modified montmorillonite was
sed to remove heavy metals from automobile effluent. The effects of effluent pH, adsorbent dose, adsorbent particle size and
ontact time on adsorption were determined. Langmuir, Freundlich, Temkin and Dubinin–Radushkevich models were used to
nalyse equilibrium isotherms. Kinetics was analysed by the pseudo-first-order, pseudo-second-order, intra-particle diffusion and
lm diffusion rate equations. Thermodynamic parameters including changes in free energy, entropy and enthalpy were calculated.
he alkaline-modified montmorillonite was effective for treatment of effluent contaminated with heavy metals.
 2015 Taibah University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/3.0/).
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.  Introduction
Pollution of the environment by industrial effluent
ischarges containing heavy metals is a major problem.
utomobile, battery, pharmaceutical, mining, electro-
lating, soap and detergents, textile, paint, breweries
nd electroplating industries often produce effluents con-
aining heavy metals [1]. When the metals reach water
odies, they pose a serious threat to aquatic life, plants
nd humans due to their toxicity, non-biodegradability∗ Corresponding author at: Projects Research and Development
nstitute (PRODA), Federal Ministry of Science and Technology,
nugu, Nigeria. Tel.: +234 8037617494.
E-mail address: kovoakpmusic@yahoo.com (K.G. Akpomie).
eer review under responsibility of Taibah University.
ttp://dx.doi.org/10.1016/j.jtusci.2014.10.005
658-3655 © 2015 Taibah University. Production and hosting by Elsevier B.V
http://creativecommons.org/licenses/by-nc-nd/3.0/).vy metals
and accumulation in the food chain [2]. The determina-
tion of heavy metal concentrations in industrial effluents
and subsequent treatment are therefore necessary for
maintaining environmental quality. Conventional meth-
ods for removing heavy metals and other pollutants
from effluents include evaporation, filtration, precipi-
tation, oxidation–reduction, electrochemical treatment,
ion exchange, solvent extraction and activated carbon
adsorption [3]. All these methods have disadvantages,
such as high cost, poor efficiency, secondary contami-
nation and inapplicability to a wide range of pollutants
[4]. Adsorption has been found to be the most effective
method, and many low-cost materials, such as fertilizer
waste, biomass, tea waste, microorganisms, charcoal,
ash, laterite, red mud and clay, have been used as adsor-
bents for effluent treatment [5].. This is an open access article under the CC BY-NC-ND license
Clay minerals are effective adsorbents, and the
alkaline modification further increases their adsorption
potential [6–8]. In our previous study [9], we found
that alkaline modification of a laboratory solution of
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local montmorillonite enhanced its adsorption for heavy
metals. The study reported here is a practical exten-
sion, in which the heavy metal concentration of six
industrial effluents was determined before and after
treatment with alkaline-modified montmorillonite. The
laboratory solution contained only the added metal ions,
whereas industrial effluents contain other contaminants;
furthermore, other heavy metals may compete for active
sites and thus affect adsorption. The effects of vari-
ous experimental factors, such as pH, adsorbent dose,
particle size and contact time, on adsorption were inves-
tigated, and equilibrium, kinetics and thermodynamics
analysis were also performed.
2.  Materials  and  methods
2.1.  Characterization  and  adsorption
The montmorillonite clay was obtained from
Ugwuoba in the Oji River local government area
of Enugu State, Nigeria. The clay was processed
and modified as described previously [9] to obtain
alkaline-modified montmorillonite. The Fourier trans-
form infrared spectra were determined on a Shimadzu
FT-IR 8400s model.
Industrial effluents were obtained from the discharge
outlets of automobile, paint, drug, soap and deter-
gent, brewery and food industries (Innoson, Abatex,
Juhel, Rewgee, Nigerian Breweries and BONS Foods,
respectively). All the industries are located in Enugu
State except for Innoson, which is in Nnewi, Anambra
State, Nigeria. Samples were collected by the method
described by Pearson et al. [10]. The physicochemi-
cal characteristics of the effluent were determined by
standard methods [11] with analytical grade chemicals
obtained from Sigma-Aldrich. An atomic absorption
spectrophotometer (Buck Scientific, model 210VGP)
was used to determine the heavy metal concentrations
in the effluents.
Batch adsorption was used to remove heavy metals
from automobile effluent, as it had a higher concentra-
tion of heavy metals than the other effluents. Optimum
adsorption conditions (pH 6.5, adsorbent particle size
100 m, adsorbent dose 0.1 g and contact time 180 min)
were used for contacting 0.1 g of alkaline-modified
montmorillonite with 50 mL of effluent in a 100-mL
plastic bottle. The effect of the initial pH of the effluent on
adsorption was studied by varying the pH from 2 to 8 by
dropwise addition of 0.1 mol/L NaOH or HCl. The influ-
ence of adsorbent dose was studied in the range 0.1–0.5 g
at temperatures of 300, 313 and 323 K in a thermostated
water bath. The effect of particle sizes of 100–500 mUniversity for Science 9 (2015) 465–476
was studied, and contact time was studied in the range
10–300 min. At the end of each contact time, the solution
was filtered, and the residual heavy metal concentration
in the filtrate was determined by atomic absorption
spectrophotometry. The adsorption uptake capacity (qe,
mg/g) of the modified montmorillonite was calculated
from the mass balance equation:
qe = v(Co −  Ce)
m
,  (1)
where Co (mg/L) and Ce (mg/L) are the initial and equi-
librium concentrations of the metal ions in the effluent,
v (L) is the volume of the effluent used, and m  (g) is the
mass of montmorillonite used for adsorption.
2.2.  Equilibrium  isotherms
Equilibrium adsorption isotherms are important in
describing how metal ions interact with adsorbents
and are useful in the design of adsorption systems.
Equilibrium isotherms were analysed in the Langmuir,
Freundlich, Temkin and Dubinin–Radushkevich (D–R)
isotherm models.
The Langmuir isotherm describes monolayer adsorp-
tion onto an adsorbent containing a finite number of
identical binding sites. The linear form of the equation
is given as [12]:
Ce
qe
= 1
qLKL
+ Ce
qL
,  (2)
where qe (mg/g) represents the monolayer adsorption
capacity and KL (L/mg) is a constant related to the energy
of adsorption.
The Freundlich isotherm describes multilayer adsorp-
tion onto a heterogeneous surface of the adsorbent. The
linear form of the Freundlich equation is given as [13]:
log qe =  log KF +
[
1
n
]
log Ce,  (3)
where KF (L/g) and n are the Freundlich constants for
the adsorption capacity and intensity, respectively.
The Temkin isotherm is based on the assumption that
the free energy of sorption is a function of the surface
coverage. The linear form is written as [14]:
qe =  B ln A +  B ln Ce,  (4)
where B  (mg/g) is the heat of adsorption and A  (L/mg)
is the equilibrium binding constant.
The D–R isotherm, which does not assume a homo-
geneous surface or a constant adsorption potential, was
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pplied to determine whether the adsorption is physical
r chemical. The linear form of the D–R isotherm is [15]:
n qe =  ln qm −  βε2, (5)
here β (mol2/J2) is a coefficient corresponding to the
ean free energy of sorption, qm (mg/g) is the theo-
etical saturation capacity, and ε  = RT  ln(1 + 1/Ce) is the
olanyi potential. The energy of adsorption E  (kJ/mol)
s calculated from Eq. [1]:
 = 1(2β)1/2 . (6)
f the value of E  is 8–16 kJ/mol, the process corresponds
o chemisorption; if it is less than 8 kJ/mol, the adsorption
s physical [1].
.3.  Kinetics
Kinetics were analysed to determine the rate of
dsorption and the mechanism involved, by application
f pseudo-first- and pseudo-second-order, intra-particle
iffusion and liquid film diffusion rate equations.
The pseudo-first-order equation given by Lagergren
16] is:
og(qe −  qt) =  log qe −
(
KI
2.303
)
t, (7)
here qe (mg/g) and qt (mg/g) represent the adsorption
apacity at equilibrium and time t (min), respectively.
I (min−1) corresponds to the pseudo-first-order rate
onstant.
The pseudo-second-order kinetics rate equation is
xpressed as [17]:
t
qt
= 1
h
+ t
qe
,  (8)
here h  =  K2q2e and represents the initial sorption rate
mg/g min), and K2 (g/mg min) is the rate constant of
seudo-second-order kinetics.
The participation of intra-particle diffusion was eval-
ated by applying the equation [18]:
t =  Kdt1/2 +  C,  (9)
here Kd (mg/g min1/2) is the rate constant of intra-
article diffusion and C  is the intercept, which
orresponds to the thickness of the boundary layer. If
he plot of qt versus t1/2 is linear and passes through
he origin (C  = 0), then intra-particle diffusion is the sole
ate-determining step. Otherwise, the occurrence of the
ntercept indicates the existence of some surface phe-
omenon.University for Science 9 (2015) 465–476 467
The liquid film diffusion mechanism is applicable
when the transport of metal ions from the liquid phase to
the solid phase boundary plays the most significant role
in adsorption. The film diffusion equation is [18]:
ln(1 −  F ) = Kfdt +  Y,  (10)
where Kfd (mg/g min) is the rate constant of film dif-
fusion and F(qt/qe) represents the fractional attainment
of equilibrium. If the plot of −ln(1 −  F) versus t  is lin-
ear, adsorption involves a film diffusion mechanism. If
the value of the intercept Y  = 0, film diffusion is the sole
rate-controlling mechanism.
2.4.  Thermodynamics
The spontaneity and feasibility of adsorption was
determined from calculated thermodynamic parameters,
which were the free energy change (G0), enthalpy
change (H0) and entropy change (S0). These param-
eters were calculated from the following equations [5]:
G0 =  −RT  ln Kc (11)
and
ln Kc =  −
(
H0
RT
)
+
(
S0
R
)
, (12)
where R  (8.314 J/mol K) is the ideal gas constant, T (K) is
the absolute temperature, Kc = Ca/Ce is the distribution
coefficient, and Ca (mg/L) and Ce (mg/L) are the con-
centrations of heavy metals adsorbed and remaining in
solution at equilibrium, respectively. The values of H0
and S0 were calculated from the slope and intercept of
the linear plot of ln Kc versus 1/T.
2.5.  Statistics
The best-fitting isotherm or kinetic model was
determined by linear regression (R2): the closer the R2
values to 1, the better the fit of the model. Owing to the
inherent bias resulting from linearization, however, a
conclusion from good fit (R2) of models alone should
be avoided. Another important parameter used in
evaluating the best-fitting model is the χ2 test, which
is the sum of the squares of the differences between the
experimental data and the data obtained by calculation
from models. χ2 is given as [19]:
χ2 =
∑[ (qe exp −  qe cal)2
qe cal
]
,  (13)where qe exp (mg/g) is the equilibrium capacity obtained
experimentally, and qe cal (mg/g) is the equilibrium
capacity obtained by calculation from the model. If the
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data from the model are similar to the experimental data,
χ2 will be small; if they differ, χ2 is larger. χ2 values were
estimated with Microsoft Excel Solver Add-on software.
3.  Results  and  discussion
3.1.  Physicochemical  characterization
The physicochemical properties and the results
of Fourier transform infrared spectroscopy, X-ray
diffraction and scanning electron microscopy of mont-
morillonite before and after modification were discussed
previously [9]. Scanning electron microscopy revealed
an increase in the porous nature of the montmorillonite
with alkaline activation, which is desirable for efficient
sorption. Fourier transform infrared analysis showed that
aluminol and silanol groups are the major binding sites
for heavy metals on the adsorbent [9].
The results of physicochemical analyses and the
heavy metal concentrations of the effluents obtained
from the industries are shown in Table 1. pH is a simple
parameter, but it is extremely important, as most chem-
ical reactions in aquatic environments are controlled by
any change in its value. Aquatic organisms are sensitive
to pH changes, and biological treatment requires pH con-
trol or monitoring. Furthermore, the toxicity of heavy
metals is enhanced at certain pH values. pH therefore
affects the quality of wastewater, and any value higher or
lower than the World Health Organization (WHO) limit
of 6.5–8.5 [20] could be harmful to the environment.
The pH of the effluents from the automobile, paint and
brewery industries were slightly acidic, perhaps due to
Table 1
Physicochemical characterization of effluents according to industry.
Parameter Automobile Paints 
pH 6.45 6.21 
Temperature (◦C) 30 28 
Dissolved oxygen (mg/L) 4.6 4.2 
Biochemical oxygen demand (mg/L) 82.5 107.2 
Chemical oxygen demand (mg/L) 189.3 268.1 
Total solids (mg/L) 478 313 
Total dissolved solids (mg/L) 444 285 
Total suspended solids (mg/L) 34 28 
Total hardness (mg/L) 42 106 
Total alkalinity (mg/L) 22 14 
Lead (mg/L) 2.91 0.21 
Zinc (mg/L) 19.38 2.14 
Copper (mg/L) 14.50 2.63 
Cadmium (mg/L) 6.09 1.23 
Nickel (mg/L) 2.04 0.21 
Manganese (mg/L) 9.81 1.02 
Chromium (mg/L) 0.46 4.73 
ND, not detected.University for Science 9 (2015) 465–476
the use of acid in car batteries, of ammonia solution as a
buffer in the paint industry and of CO2 or benzoic acid as
preservatives in brewing. The effluents from the drug and
food industries were slightly alkaline, and those from the
soap and detergent industry were clearly alkaline, due to
the use of strong bases such as NaOH and KOH in soap
manufacture and could be harmful to aquatic life [21].
Temperature controls certain behavioural character-
istics of organisms and the solubility of salts and
gases in water. The basis of all life functions is a
complicated set of biological reactions that are influ-
enced by temperature. Siyanbola et al. [22] reported
that the biochemical reactions of aquatic organisms are
temperature-dependent, and an increase in the tempera-
ture of a water body will promote chemical, resulting in
bad odour and taste due to the insolubility of gases such
as oxygen [23]. Furthermore, a temperature increase
may become a barrier to fish migration and seriously
affect reproduction. The temperatures of most the efflu-
ents studied were within the WHO limit of 20–32 ◦C
[20], whereas that from the soap and detergent industry
was slightly higher, perhaps due to heat exchange from
machines or the use of heat in soap manufacture.
The electrical conductivity of water is an important
parameter for determining the suitability of water for
irrigation and is a useful indicator of the salinity or total
salt content of effluents. The conductivity of receiving
water is a function of the concentration of soluble ionic
salts present in the effluent. Thus, an increase in the
salinity of a receiving water body is a result of a high
concentration of ionic salts in the effluent [24]. A value
Drugs Soap/detergents Brewery Food
7.26 9.12 6.32 7.34
31 34 26 29
5.9 5.1 5.8 7.2
93.4 184.1 157.4 126.3
214.7 289.4 195.4 198.5
218 406 202 297
198 381 176 275
20 25 26 22
58 32 40 52
31 62 18 26
0.15 0.67 ND 0.03
4.12 3.91 0.21 1.07
0.89 1.86 0.14 0.48
0.12 1.03 0.08 ND
0.11 0.91 ND 0.03
0.04 2.07 0.02 ND
0.16 1.42 0.07 0.02
Taibah University for Science 9 (2015) 465–476 469
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or electrical conductivity >1000 m/cm indicates con-
aminated water, which is not suitable for aquatic life
nd the environment in general. The conductivity of the
ix effluents was below the maximum permissible limit
ecommended by WHO of 1000 m/cm [20].
The most important measure of water quality is
issolved oxygen [25], as hydrogen sulfide is formed
nder conditions of deficient oxygen in the presence
f organic materials and sulfate. The effect of effluent
aste discharge on surface water is largely determined
y the oxygen balance of the system. The dissolved
xygen concentration of unpolluted water is normally
–10 mg/L, and a concentration <5 mg/L adversely
ffects aquatic organisms [26], which become stressed,
uffocate and die. The dissolved oxygen values of most
f the effluents were within the WHO range, except that
rom the automobile and paint industries, which were
ower. The low values obtained may be due to the high
hemical oxygen demand recorded for the two effluents
hen compared with those of the other effluents. Bio-
hemical and chemical oxygen demand are useful for
ssessing the quality of an effluent. The consequences of
igh biochemical and chemical oxygen demand are the
ame as that of low dissolved oxygen, as both directly
ffect the amount of dissolved oxygen. The greater the
iochemical and chemical oxygen demand, the more
apidly oxygen is depleted, resulting in a correspond-
ng decrease in dissolved oxygen value and less oxygen
vailable to aquatic life. The biochemical and chem-
cal oxygen demand of all the effluents were much
igher than the WHO recommended limits of 15 mg/L
nd 40 mg/L, respectively [20], and may therefore have
dverse effects on aquatic life. The high values might be
ue to the addition of organic and inorganic contaminants
rom the industrial processes.
Total hardness is the property of water that prevents
ather formation with soap and increases the boiling-
oint. The hardness of water depends mainly on the
oncentrations of calcium and magnesium salts [27].
he effluent from the paint industry was the hardest,
t 106 mg/L, which is above the WHO permissible limit
f 100 mg/L [20]. All the other effluents showed accept-
ble values, in conformity with the WHO standard. The
ardness of the paint industry effluent can be attributed
o the use of calcium carbonate in paint production. The
otal alkalinity of all the effluents was within the WHO
ermissible limit of 100 mg/L [20]; however, that of the
ffluent from the soap and detergent industry was higher
han the others, perhaps associated with the use of NaOH
nd KOH in soap manufacture.
As the effluent from the automobile industry had the
ighest concentrations of heavy metals, it was chosenFig. 1. Influence of effluent pH on adsorption of heavy metals from
automobile effluent.
to analyse the potential of alkaline-modified montmoril-
lonite to remove heavy metals.
3.2.  Effect  of  efﬂuent  pH
The influence of the initial pH of a solution must be
determined in an adsorption study, as it affects the sur-
face charge of the adsorbent and the degree of ionization
and specification of the adsorbate [5]. The adsorption
of metal ions from automobile effluent as a function
of the initial pH of the solution is illustrated in Fig. 1.
Maximum adsorption of metal ions was achieved at pH
values greater than that of the zero charge, pHpzc, (5.2)
of the alkaline-modified montmorillonite [9]. At pH val-
ues greater than the pHpzc, the surface of the adsorbent
is negatively charged, favouring the adsorption of posi-
tively charged metal ions, while at lower pH the surface
is positively charged and repels cations. Insignificant
adsorption was therefore recorded at lower pH. Further-
more, at low pH, the excess H+ ions in solution compete
with the metals for the active sites on the montmoril-
lonite, leading to decreased metal uptake. As the pH
increases, the number of H+ ions in solution decreases,
thereby reducing the competition with metal ions and
leading to greater adsorption [1]. At pH > 4.0, metal ions
may precipitate from solution in the form of hydroxides
[18]. Therefore, precipitation may have accounted for
some of the metal ions adsorbed, especially at higher pH.
To approximate the amount of metal ions precipitated,
effluent solutions at pH 2.0–8.0 were allowed to stand
under the same conditions for 3 h, and the percentage of
each metal ion precipitated was calculated from:
100[Co −  Ce]%P  =
Ce
, (14)
where Co and Ce are the initial and equilibrium concen-
trations of metal ions (mg/L) in the effluent, respectively.
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Table 2
Percentages of metal ions precipitated from automobile effluent, by
pH.
pH Zn[II] Cu[II] Mn[II] Cd[II] Pb[II] Ni[II]
5.0 2.58 3.62 1.64 1.52 0.4 0
6.0 6.48 4.32 3.11 2.56 2.71 2.89
7.0 7.63 7.49 5.66 4.42 5.95 4.32
achieved equilibrium at different times. For example,8.0 18.11 10.12 12.67 11.34 12.63 14.72
Precipitation at higher pH is shown in Table 2. At pH 8.0,
more than 10% of all the metal ions was precipitated.
Automobile effluent at pH 6.5 was used in this study,
as optimum adsorption was obtained and metal precip-
itation was minimal at this pH. Increased adsorption of
metals with increased pH has been reported previously
[18,28,29].
3.3.  Effect  of  adsorbent  dose
The adsorbent dose affects the number of sites avail-
able for binding metals in a solution. We studied the
adsorption of heavy metals from automobile effluent as
a function of the dose of alkaline-modified montmoril-
lonite at 300, 313 and 323 K (Fig. 2). The adsorption
capacity of the clay for metal ions decreased with
increasing adsorbent dose at all temperatures, as reported
elsewhere [4,30]. The decrease may be due to the greater
availability of active adsorption sites with increasing
adsorbent dose, so that some sites remain unsaturated.
It is also due to a decrease in the total adsorption sur-
face area and an increase in the diffusion path length
resulting from overlapping or aggregation of adsorption
sites [31]. This aggregation becomes significant as the
weight of the adsorbent increases. Although the num-
ber of adsorption site per unit mass of an adsorbent
should be constant, independent of the total adsorbent
weight, increasing the adsorbent dose for a fixed vol-
ume of metal ion solution decreases the effective surface
area. Thus, with an increase in adsorbent weight, the
amount of metals adsorbed onto a unit mass of adsor-
bent is reduced, causing a decrease in the qe value [32].
An increase in the percentage removal of metal ions was
seen with increasing adsorbent dose (data not shown),
which is due to an increase in the number of available
adsorption sites [5], as reported previously [1,33]. The
maximum adsorption capacity of an adsorbent can be
determined in a column experiment with a large excess
of the adsorbate.The trend in the adsorption of metal ions onto
alkaline-modified montmorillonite was: Zn > Cu > Mn >
Cd > Pb > Ni. Metal uptake was directly related to theUniversity for Science 9 (2015) 465–476
initial concentration of the metal in the effluent, as we
showed previously [9] for Mn[II] and Ni[II]. Thus, the
initial metal ion concentration plays a major role in deter-
mining the amount adsorbed; a higher concentration is
a greater driving force for more metal ions to attach to
the surface of the adsorbent. Other properties of a metal
that affect its adsorption relative to another metal, such
as ionic size, electronegativity and strength of acidity,
are significant if the metals are present in the same con-
centration. As optimum adsorption of metal ions was
achieved at 0.1 g, this dose was used in this study.
3.4.  Effect  of  particle  size  of  alkaline-modiﬁed
montmorillonite
Adsorption is directly related to surface area because
it determines the time required for transport within
the pore to adsorption sites [34]. The particle size of
an adsorbent thus affects its adsorption capacity. The
influence of particle size of alkaline-modified montmo-
rillonite on the adsorption of metal ions from automobile
effluent at 300 K is illustrated in Fig. 3. A decrease in the
adsorption of metals was found with increasing particle
size, because more sites and channels are made available
on the surface of the adsorbent as larger particles are bro-
ken up into smaller ones, increasing the specific surface
area. A decrease in adsorption with increasing particle
size is therefore due to a decrease in the surface area of
the adsorbent [3,33,35], as seen when alkaline-modified
montmorillonite was used for Ni and Mn adsorption from
a binary laboratory solution [9]. Particles ≤100 m were
used in the adsorption study, as they were found to have
maximum removal capacity.
3.5.  Effect  of  contact  time  on  adsorption
In order to determine the time required for equilib-
rium adsorption of metal ions, the effect of contact time
on the adsorption of heavy metals from automobile efflu-
ent at 300, 313 and 323 K was investigated (Fig. 4).
Increased adsorption of metals with increasing contact
time was seen at all three temperatures up to an equi-
librium, after which there was no further increase. This
phenomenon can be explained by the fact that, initially,
all the active sites on the montmorillonite were vacant
and were used for initial adsorption; subsequently, the
adsorption rate of metal ions became constant at equilib-
rium due to saturation of active sites [36]. The metal ionsNi showed greater removal initially, attaining equilib-
rium around 90 min, whereas more Pb was adsorbed
than Ni but at a slower rate, with equilibrium attained
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sFig. 2. Influence of adsorbent dose on removal of heav
t 180 min. The equilibrium times were 120 min for Zn,
0 min for Cu, 150 min for Mn and 180 min for Cd at
ll temperatures. Thus, the initial concentration of metal
ons in the automobile effluent did not affect their rate of
emoval but only their final uptake capacity. Similarly,
emperature had little effect on the adsorption rate but
ffected the capacity of the adsorbent to take up metal
ons. The differences in the rate of adsorption of metal
ons in a multi-metal ion system have been attributed
o differences in the hydrated ionic radii of the metals,
ith a faster equilibrium rate achieved by metals with
maller ionic sizes [14]. The ionic radii of the metals are:ls from automobile effluent according to temperature.
Ni (0.069 nm) < Cu (0.072 nm) < Zn (0.074 nm) < Mn
(0.080 nm) < Cd (0.097 nm) < Pb (0.12 nm). The ionic
radii of the metal ions therefore allow smaller metal
ions to diffuse to the surface of the adsorbent faster than
bulkier ions, as reported previously [9]. We chose a con-
tact time of 180 min for the adsorption process to ensure
equilibrium adsorption of all the metal ions.3.6.  Adsorption  isotherm  application
The adsorption isotherm represents the equilibrium
between the concentration of adsorbate in the liquid
472 K.G. Akpomie, F.A. Dawodu / Journal of Taibah University for Science 9 (2015) 465–476
Fig. 3. Influence of adsorbent particle size on adsorption of heavy metals from automobile effluent.
Fig. 4. Influence of contact time on adsorption of heavy metals from automobile effluent.
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hase and that on the adsorbent surface and is useful
n the design of adsorption systems. In the present study,
angmuir, Freundlich, Temkin and D–R isotherm mod-
ls were applied to the equilibrium data. The isotherm
odel constants, correlation coefficients (R2) and χ2
esults obtained are presented in Table 3. The lower R2
nd larger χ2 values obtained in the Langmuir isotherm
han in other models indicate that it does represent the
xperimental data. The R2 of 0.988 obtained for Mn
as not supported by the very high χ2 of 19.408, indi-
ating the importance of considering both values in
etermining the fitness of a model. The poor fit of the
angmuir isotherm model to the adsorption process indi-
ates that it is not due to monolayer adsorption onto
 homogeneous surface. An essential characteristic of
he Langmuir isotherm can be presented in terms of a
imensionless factor RL, expressed as [4]:
L = 11 +  KLCo , (15)
here Co is the initial concentration of metal ions (mg/L)
n solution. This value indicates whether the adsorption
s irreversible (RL = 0), favourable (0 < RL < 1), linear
RL = 1) or unfavourable (RL > 1). The RL values obtained
or the metal ions at all temperatures were in the range
.343–0.415, indicating a favourable adsorption pro-
ess. Also, monolayer maximum adsorption capacity qL
ncreased with temperature for all the metal ions except
d at 313 K, which was higher than that at 323 K (data
able 3
quilibrium isotherm parameters for sorption.
sotherm model Zn[II] Cu[II] Mn[
angmuir model
qL (mg/g) 11.76 4.59 1.3
KL (L/mg) 0.082 0.135 0.2
R2 0.899 0.787 0.9
χ2 7.251 13.144 19.4
reundlich model
KF (L/g) 0.95 0.59 0.3
1/n 1.307 1.549 1.6
R2 0.986 0.943 0.8
χ2 0.073 0.293 0.1
emkin model
A (L/g) 0.800 1.303 0.6
B (mg/g) 5.090 4.335 3.7
R2 0.909 0.826 0.8
χ2 0.549 5.969 0.2
–R model
qm (mg/g) 7.434 6.123 5.6
B (mol2/J2) 1 × 10−6 1 × 10−6 2 ×
E (kJ/mol) 0.707 0.707 0.5
R2 0.886 0.869 0.8
χ2 0.976 0.746 1.4University for Science 9 (2015) 465–476 473
not shown). This might suggest that higher temperatures
favour adsorption.
The Freundlich model was found to fit to the experi-
mental data better than the other models, as indicated by
higher R2 and lower χ2 values. The adsorption of Pb had
a better χ2 in the Temkin isotherm than in the Freundlich
model but was not supported by the R2 value. The good
fit of the Freundlich model to the experimental data indi-
cates that the process involves multilayer adsorption onto
the heterogeneous surface of alkaline-modified montmo-
rillonite, as reported elsewhere [37,38]. The energy of
adsorption, E, calculated from the D–R model are pre-
sented in Table 3. The energy of all the metal ions was
below 8 kJ/mol, suggesting that the process is largely due
to physical adsorption.
3.7.  Kinetics  of  sorption
Kinetics was investigated in pseudo-first-order,
pseudo-second-order, intra-particle diffusion and liq-
uid film diffusion models to find the model that best
described the mechanism of adsorption of heavy metals
from the automobile effluent (Table 4). The R2 and χ2
values obtained indicate that the pseudo-second-order
model provides a better fit for Zn, Cu, Mn and Cd than
the pseudo-first-order model, which was better applica-
ble to the adsorption of Pb and Ni. The adsorption of
metal ions in a multi-metal ion system is complex, as
the behaviour of each ion in such a system depends on
II] Cd[II] Pb[II] Ni[II]
9 1.32 0.43 0.28
19 0.249 0.695 1.127
88 0.666 0.059 0.121
08 6.545 8.466 4.389
96 0.42 0.982 1.41
95 1.698 2.132 2.204
99 0.988 0.513 0.554
71 0.148 1.077 0.258
85 1.145 2.639 3.207
67 1.717 0.882 0.756
96 0.771 0.091 0.482
48 0.258 0.836 0.257
18 2.555 2.710 1.652
 10−6 6 × 10−7 4 × 10−7 2 × 10−7
 0.913 1.118 1.581
35 0.829 0.220 0.511
09 0.267 1.526 0.266
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Table 4
Kinetics model parameters for sorption.
Model Zn[II] Cu[II] Mn[II] Cd[II] Pb[II] Ni[II]
Pseudo-first-order model
qe (mg/g) 13.34 14.13 7.16 2.45 1.95 1.02
KI (min−1) 0.032 0.044 0.028 0.014 0.009 0.021
R2 0.982 0.959 0.984 0.981 0.597 0.832
χ2 19.85 11.273 9.32 27.819 3.65 0.797
Pseudo-second-order model
qe (mg/g) 8.26 5.88 4.46 2.76 0.07 1.11
h (mg/g min) 0.282 0.245 0.059 0.027 0.0003 0.0095
K2 (g/mg min) 0.004 0.007 0.003 0.004 0.063 0.008
R2 0.977 0.974 0.934 0.961 0.373 0.642
χ2 0.437 0.459 0.211 0.046 94.44 0.252
Intra-particle diffusion model
Kd (mg/g min1/2) 0.328 0.225 0.206 0.126 0.117 0.047
C 0.728 2.226 0.360 0.051 0.792 0.053
R2 0.638 0.560 0.765 0.847 0.681 0.580
Film diffusion model
Kfd (mg/g min) 0.033 0.04 0.029 0.015 0.010 0.36
Y 0.595 0.745 0.78 0.235 0.568 0.36
0.R2 0.982 0.968 
the concentrations of the metals and the physical and
chemical properties of the adsorbate and adsorbent [39].
The applicability of different models for metal ions in the
same system is probably due to their different concentra-
tions, with the pseudo-first-order model more applicable
for lower concentrations (Pb and Ni) and the pseudo-
second-order model for higher concentrations.
Neither model applies to the diffusion mechanism [3],
which is described by the kinetics of intra-particle dif-
fusion and liquid film diffusion models (Table 4). The
low R2 values in the intra-particle diffusion model sug-
gest that this mechanism did not play a major role in
overall adsorption, and the intercept C indicates a bound-
ary layer diffusion or surface phenomenon. This result
was corroborated by the better R2 values obtained in
the film diffusion model, indicating that diffusion of
metal ions from the bulk solution to the surface of the
adsorbent was the major mechanism in adsorption. The
intercept Y, however, shows that film diffusion is not
the sole rate-controlling mechanism, and its dominant
role suggests that the adsorption process involves phys-
ical forces, as also indicated by the energy E in the
D–R isotherm model. Chemical interaction cannot be
ruled out because of the good fit of the pseudo-second-
order model for some metal ions [1]. This indicates that
adsorption of metal ions in such heterogeneous solu-
tions is complex. Both the shape and the coefficient of
the adsorption kinetics of the system were affected by
interactions and competition among the metal ions, as
reported by Hui et al. [39] for the removal of mixed metal981 0.979 0.783 0.878
ions in wastewater by zeolite 4A and residual products
from recycled coal fly ash. Adsorption cannot therefore
be considered to be physical or chemical only from the fit
of the data from the pseudo-second-order equation or the
energy of the D–R isotherm model. A more comprehen-
sive understanding is obtained at if the two parameters
are considered together, with data from thermodynamics
analysis, as discussed below. The only clear conclusion
that can be drawn about the kinetics of sorption is that the
process is a complex one in which film diffusion plays a
major role.
3.8.  Adsorption  thermodynamics
An adsorption system designer usually takes into
account changes in the reaction based on thermody-
namics. The parameters H0, G0 and S0 denote the
features of the final state of the system. The thermo-
dynamics of the adsorption of heavy metals from the
automobile effluent at different adsorbent doses is shown
in Table 5. The negative values of H0 obtained for Zn,
Cu, Mn and Cd at 0.1 g and for Zn and Cu at 0.2 g indicate
an exothermic adsorption process. Endothermic adsorp-
tion was recorded at higher adsorbent doses and for Pb
and Ni at all doses tested. The exothermic adsorption
may be due to the higher concentrations of Zn, Cu, Mn
and Cd and the limited availability of active sites with
smaller adsorbent doses. Consequently, as the tempera-
ture increases, metal ions present on the saturated surface
of the adsorbent acquire kinetic energy for desorption
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Table 5
Thermodynamics according to adsorbent dose.
Parameter Adsorbent dose (g)
0.1 0.2 0.3 0.4 0.5
Zn[II]
H0 (kJ/mol) −3.28 −3.1 15.09 14.39 13.63
S0 (J/mol K) −0.79 3.66 66.06 66.29 65.05
G0 (kJ/mol)
300 K −2.918 −4.04 −4.763 −5.537 −6.011
313 K −3.33 −4.63 −5.490 −6.271 −6.454
323 K −2.846 −4.05 −6.283 −7.063 −7.546
Cu[II]
H0 (kJ/mol) −2.66 −3.04 4.26 24.97 25.91
S0 (J/mol K) 0.62 1.48 28.28 98.69 103.18
G0 (kJ/mol)
300 K −2.669 −3.242 −4.165 −4.714 −5.213
313 K −3.279 −4.086 −4.762 −5.803 −6.037
323 K −2.605 −3.169 −4.780 −6.982 −7.627
Mn[II]
H0 (kJ/mol) −5.51 4.69 25.86 35.06 40.61
S0 (J/mol K) −11.72 24.60 96.36 128.53 147.57
G0 (kJ/mol)
300 K −1.821 −2.544 −3.093 −3.567 −3.891
313 K −2.264 −3.382 −4.268 −5.127 −5.127
323 K −1.477 −3.034 −5.290 −6.499 −7.331
Cd[II]
H0 (kJ/mol) −5.94 7.56 42.57 43.91 65.07
S0 (J/mol K) −14.05 32.93 150.73 157.30 228.30
G0 (kJ/mol)
300 K −1.422 −1.970 −2.569 −3.492 −3.766
313 K −2.264 −3.643 −4.918 −4.918 −5.751
323 K −0.967 −2.551 −5.935 −7.143 −9.077
Pb[II]
H0 (kJ/mol) 25.57 35.29 73.56 69.48 69.48
S0 (J/mol K) 95.36 126.71 285.92 241.77 241.77
G0 (kJ/mol)
300 K −2.868 −2.868 −2.419 −3.367 −3.367
313 K −4.788 −4.086 −5.621 −5.621 −5.621
323 K −4.941 −5.800 −8.969 −8.969 −8.969
Ni[II]
H0 (kJ/mol) 19.64 47.99 55.09 65.85 55.09
S0 (J/mol K) 73.24 167.36 194.96 228.64 194.96
G0 (kJ/mol)
300 K −2.195 −2.195 −3.517 −2.794 −3.517
313 K −3.669 −4.580 −5.777 −5.777 −5.777
323 K −3.786 −5.962 −7.976 −7.976 −7.976
i
e
a
i
s
T
l
i
t
of copper (II) ions from aqua solutions using dried yeast biomass,nto the solution [36]. At higher adsorbent doses, how-
ver, due to the availability of abundant unsaturated
ctive sites, the kinetic energy acquired by the metal ions
s used to enhance their adsorption to the unsaturated
ites, accounting for the endothermic process observed.
he endothermic adsorption of Pb and Ni is due to theirow concentrations, and the kinetic energy acquired with
ncreasing temperature enhances their ability to reach
he surface of the alkaline-modified montmorillonite inUniversity for Science 9 (2015) 465–476 475
a solution in which metals are present at higher concen-
trations. The positive S0 values obtained for adsorption
indicate greater randomness at the solid–solution inter-
face [1], while the negative values obtained at 0.1 g for
Zn, Mn and Cd indicate less randomness [36].
The negative values of G0 obtained for all the metal
ions at all temperatures indicate the spontaneous nature
of the adsorption process [36]. The magnitude of the free
energy change G0 can be used to classify adsorption as
physical or chemical: the free energy change for physical
adsorption is −20 and 0 kJ/mol, while that for chemi-
cal adsorption is −80 to −400 kJ/mol [40]. The G0
values obtained indicate a physical adsorption process
(Table 5), which is corroborated by the energy E  obtained
from the D–R isotherm model. The complex adsorption
process is therefore dominated by physical forces and a
film diffusion mechanism, although it also involves other
mechanisms. Physical adsorption is desirable because
there is a lower energy barrier to be overcome by metal
ions, which allows desorption from the surface of the
adsorbent during recycling [5].
3.9.  Conclusions
We undertook physicochemical analysis of six indus-
trial effluents and subsequent heavy metal adsorption
by an alkaline-modified montmorillonite. Automobile
effluent was used for the adsorption study because it
had higher concentrations of metal ions than the other
effluents. Effluent pH, adsorbent dose, adsorbent particle
size and contact time were determining factors in adsorp-
tion. A favourable adsorption process was indicated by
the Langmuir RL parameter. The Freundlich isotherm
model gave the best fit for the experimental data when
compared with the Langmuir, Temkin and D–R mod-
els. Kinetics and thermodynamics analysis indicated a
complex process involving physical adsorption and film
diffusion. Alkaline-modified montmorillonite is there-
fore an effective, low-cost material for the treatment of
industrial effluents contaminated with heavy metals.
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